We propose a mechanism of state transition in wind-fed black hole binaries (high-mass X-ray binaries) such as Cyg X-1 and LMC X-1. Modeling a line-driven stellar wind from the companion by two-dimensional hydrodynamical calculations, we investigate the processes of wind capture by and accretion onto the black hole. We assume that the wind acceleration is terminated at the He II ionization front because ions responsible for line-driven acceleration are ionized within the front, i.e.
on the wind velocity. In the context of the model, the state transition is triggered by a fluctuation of the magnetic field when its amplitude becomes comparable to the field strength in the torus-like outer flow.
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INTRODUCTION
It is well known that black hole (BH) X-ray binaries have different X-ray spectral states (Done et al. 2007 ). The main two states are high-soft (HS) state and low-hard (LH) state. In the HS state, X-ray emission is dominated by low-energy photons of multi-color blackbody radiation which comes from a geometrically thin disk (Shakura & Sunyaev 1973; Done 2010) . In the LH state, X-ray emission is dominated by high-energy photons with a power-law spectrum which originates likely from a hot corona or accretion flow (Yuan & Narayan 2014) .
The relations between the spectral states and the accretion flows are well studied in low-mass X-ray binaries (LMXBs) which are "disk-fed" objects. In these systems, the gas of the companion envelope overflows through the Lagrange point toward the BH. Therefore, the radial velocity is so low (∼ 10 6 cm s −1 ) that the accretion disk can be formed on the scale of ∼ 10 11 cm and the density is so high that the outer edge of the disk can become optically thick. On the other hand, in high-mass X-ray binaries (HMXBs) which are "wind-fed" objects, the OB-type star companion blows fast (∼ 10 8 cm s −1 ) stellar wind with a mass loss rate ∼ 10 −6 M ⊙ yr −1 . Since the physical properties of the accreting gas are different, it is not obvious that the accretion physics in HMXBs is same as LMXBs.
There are some observational facts on the difference between the two systems. Cyg X-1, which belongs to HMXBs, shows both HS state and LH state. It stays in the LH state for a long time. The bolometric luminosity between the two states changes only by a factor of ∼3-4 (Nowak et al. 2012; Zdziarski et al. 2002) . Another famous example of a HMXB is LMC X-1. It has stayed in the HS state since its discovery. The luminosity varies by a factor of < 4 (Wilms et al. 2001; Ruhlen et al. 2011 ). On the other hand, in LMXBs such as GX 339-4, the luminosity often changes by more than two orders of magnitude during an outburst (Belloni et al. 2005; Nowak et al. 2012) . Since OB-type stars continuously blow the stellar wind, the persistent property of HMXBs can be explained by the wind-fed accretion.
In HMXBs, the strong X-ray radiation from the black hole could change the ionization state of the wind material via photoionization. The effect has been well studied in theory (cf., Hatchett & McCray 1977; Masai 1984; MacGregor & Vitello 1982; Cechura & Hadrava 2015) . They are confirmed by observations; e.g., the orbital variability of absorption and the modulation of a P-Cygni profile (Grinberg et al. 2015; Gies et al. 2008) . On the other hand, the X-ray spectra in the HS and LH states have been extensively studied in both theory and observation. The gross properties of the accretion disk in the two states are understood as a geometrically thin disk and hot corona (e.g., Yamada et al. 2013ab ). However, the mechanism of state transitions is still unclear. The process of how the wind materials eventually turn into a part of the accretion flow and affect the spectral states need to be studied.
In this paper, we focus on the state transition mechanism in BH HMXBs. We examine the wind capture process by conducting 2-D hydrodynamical calculations ( Software: PLUTO; Mignone et al. 2007) . It approximately includes X-ray photoionization effects.
Then, we analytically connect the captured wind with the outer accretion flow. We assume that magneto-rotational instability (MRI) operates to transport the angular momentum of the flow. The criterion for MRI on-set is suggested by previous works (Pessah & Psaltis 2005; Begelman & Pringle 2007; Begelman et al. 2015) . It plays a key role in elucidating a link between the net accretion rate and the state transitions.
In Section 2, we investigate the wind-fed process and construct an analytical model for estimations of the physical properties of the outer accretion flow. In Section 3, based on our model, we discuss the state transition mechanism which can explain some observational features of Cyg X-1 and LMC X-1. They are summarized in Section 4.
MODEL AND CALCULATIONS
We examine the wind capture process and construct a model connecting the wind with the accretion flow. In our calculations, the wind velocity outside the HeII ionization front follows an empirical profile reproduced by the CAK model (Castor et al. 1975) , while the wind acceleration inside the front is terminated by the X-ray photoionization (Masai 1984) . We expect that the captured wind gas forms a Keplerian rotating torus-like flow because of the fast sound speed of shocked matters and asymmetrical effects such as the orbital motion. We also expect that a viscous process must operate for the extraction of angular momentum from the flow. In our model, magneto-rotational instability (MRI) leads to the accretion of the torus-like flow, and determines the accretion rate. During this accretion process, the density increases, and then the flow would become optically thick and enter the multi-color disk regime at some radius.
Wind-fed processes

Using the
Software: PLUTO hydrodynamical calculation code (Mignone et al. 2007) , we examine an axisymmetric wind capture process. BH gravity and centrifugal force due to the rotation of the companion star enhance the stellar wind along the line connecting the BH and the companion (Friend & Castor 1982; Shimizu et al. 2012) . Therefore, we consider that the wind does not diverge toward the vertical direction (i.e. cylindrical wind). Our calculations are conducted on a two-dimensional cylindrical coordinate (R, ϕ) grid and we set the BH as the origin. For all calculations, we adopt a grid of 512×512 cells. The basic equations are
where ρ, v, P, E and γ = 5/3 are density, velocity, pressure, energy, and adiabatic index, respectively.
We adopt an ideal gas equation of state. We use a Newtonian gravitational potential of BH Ψ BH and wind acceleration potential
where r is the distance from the companion star. ψ is a constant, which approximately reproduces the empirical velocity profile of line-driven wind
where V ∞ is the terminal wind velocity of an isolated OB-type star. We suppose that the radiation from the companion star is artificially effective on the wind acceleration as Eq. (6).
The effect of X-ray irradiation on the line-driven wind in HMXBs has been investigated by some studies. MacGregor & Vitello (1982) and Watanabe et al. (2006) demonstrated that the wind velocity near the X-ray source becomes lower than that expected by the CAK model. Masai (1984) showed that ions responsible for the acceleration are protected by a small fraction of HeII left near the boundary of the almost totally ionized helium region. Here, note that hydrogen is the most abundant in the wind, but it is completely ionized.
In this paper, we consider that there are two kinds of HeII ionization front correlated with X-ray spectral states. In the HS state, the low energy photons dominate in the spectrum. Therefore, we adopt the ionization front as the boundary where the optical depth becomes of order unity for photons of the HeII ionization energy ∼ 54.4 eV. In the LH state, the ionization front can spread over a larger scale. This is because most photons have much higher energy than the HeII ionization energy and the cross section of photoelectric absorption decreases with energy as ∝ E −3 . Following Masai (1984) , we assume the X-ray spectrum as
where L X and E f are X-ray luminosity and folding energy. We take α X = 1 for both states and this form approximately corresponds with the spectrum of bremsstrahlung. We assume that Eq. (8) holds all over the range including the HeII ionization energy. For the HS state, the multi-color blackbody shows α X = 2/3, while for the LH state, the observed X-ray spectrum shows α X ∼ 1. Since both states represent α ≈ 1, we believe that our assumption is reasonable.
Adopting α X = 1, we can write the HeII ionization fronts as the radii from the X-ray source so that
R He = 5.15 × 10 (Masai 1984) where R S and R He denote ionization fronts in HS state and in LH state, respectively.
n is number density. Since the radii of the front are different between the two states, the terminal velocities differ. The X-ray luminosity and the folding energy are listed in Table 1 . Table 1 . Luminosity, folding energy, and mass accretion rate assumed in the simulation.Ṁ expected is expected from the luminosity with the radiative efficiency ǫ = 0.1.
Source name
Cyg X-1 (HS) 3.6 × 10 37 2 4.0×10 17
Cyg X-1 (LH) 0.9 × 10 37 100 1.0×10 17 LMC X-1 (HS) 2.4×10 38 2 2.7×10 18
In all calculations, we adopt an isotropic wind of the sound speed c s = 4 × 10 7 cm s −1 on the surface of companion. It is much higher than the typical value of OB-type stars, but the effect on the velocity distribution can be negligible. This is because the wind velocity can become ∼ 10 8 cm s −1 > c s near the surface. We adopt the terminal velocity V ∞ ∼ 1.5 × 10 8 cm s −1 and the initial wind velocity v 0 = 10 7 cm s −1 . Since the companion of LMC X-1 is larger than or comparable to that of Cyg X-1, we adopt the higher mass loss rateṀ * for LMC X-1. We assume the companion star gravity is negligible. Other parameters are listed in Table 2 . 
Cyg X-1 15 1.0 × 10 12 1.25 × 10 −6 /8.3 × 10 19 3.0 × 10 12 LMC X-1 10 1.0 × 10 12 6 × 10 −6 /4.0 × 10 20 2.5 × 10 12
Note-The black hole masses and the binary separations are chosen to be consistent with Orosz et al. (2009 Orosz et al. ( , 2011 .
We present the results of Cyg X-1 in HS in Figure 1 , and LH state in Figure 2 , respectively. Figure   3 shows the results of LMC X-1. The density is plotted in each panel (a) in blue points. A continuous
empirical ) is shown in a red curve. The density close to the BH (at radius ∼ 0) is about an order of magnitude higher than that of the spherical wind model, and a little higher than that of the cylindrical wind model. This is simply because the BH gravity focuses the wind.
The panel (b) shows the velocity dependence on radius. The velocity distribution brakes at the HeII ionization front as indicated in a green vertical dotted-line. For the LH state (in Figure 2b) , we cannot clearly see the break since it is located near the area where the BH gravity becomes comparable to the wind acceleration (i.e., the wind velocity there is not solely controlled by wind acceleration, but the BH gravity).
In Table 3 , we list the typical values of the physical quantities obtained by the HD calculations;
HeII ionization front, wind velocity, accretion radius, density and captured mass rate, respectively.
Here, we define the captured mass rateṀ where
wind is accretion radius and V wind denotes the velocity at the HeII ionization front and ϕ = 0. ρ acc is the density at the BH and ϕ = 0. The front is updated at every time step using Eq. (9) for HS state and Eq. (10) for LH state, which makes the front fluctuate between two cells when the cell size is not fine enough to resolve the exact position of the front. In fact, for HS state of Cyg X-1, the radius of the front varies by a few percent R S = 1.94 × 10 12 − 1.96 × 10 12 cm as shown in Table 3 . It took more often the smaller value R S = 1.94 × 10 12 cm, so that we adopt the smaller as the representative value of Cyg X-1 HS state for analytical calculations; accordingly, it corresponds to the higher wind velocity V wind = 0.57×10 8 cm s −1 . For LH state in Cyg X-1 and LMC X-1, the fluctuation of the front was negligibly small (less than one percent). We also investigated the wind-fed process in the rotational frame by using the default function implemented in Software: PLUTO. The density contours are presented in the panels (c) without rotation and (d) with rotation. Although the stream lines were changed by binary rotation, the typical values of a Radial velocity at the HeII ionization front and ϕ = 0.
b Density at BH and ϕ = 0.
Note-Radius of HeII ionization front fluctuates by a few percent for HS state in Cyg X-1.
density and velocity differed only by a few percent. Since our discussion utilizes the values at the HeII front with ϕ = 0 and close to the BH, we do not proceed to further details on the rotational effects.
If the simulation results are taken as the face values, the captured mass rate would become higher than the mass accretion rate expected from the observed X-ray luminosity; especially in the HS state,
for HS state of Cyg X-1 andṀ cap ≫Ṁ expected ∼ 10 18 g s −1 for LMC X-1. To fill the gap between the rates, we suggest that there are some outflowing and stagnating gasses to control the net accretion rate, which have a high temperature by heating via shock or X-ray irradiation from the BH. The obtained optical depth for electron scattering is quite small, τ ∼ 2lρκ es ∼ R acc ρ acc ≪ 1, where l is the scale length and κ es represents electron scattering opacity. Since the captured gas is optically thin along l ∼ R acc , the radiation could not be blackbody emission. It prevents us from explaining the huge gap betweenṀ cap andṀ expected by a simple scenario that the captured gas is cooled enough to turn into a standard disk. We thus consider that an optically thin and geometrically thick flow is formed at the outside of the standard disk; hereafter it is called "torus-like flow", or "black-hole binary torus".
Magneto-rotational instability (MRI)
Magneto-Rotational Instability (MRI) is one of the most probable mechanisms for extraction of angular momentum from accreting gas. The fundamental process is triggered by magnetic tensions acting on charged particles in differentially rotating disks. This idea is suggested by and . In the following, we present that MRI in the torus-like flow is important physical process to connect the captured wind with the accretion flow.
When the MRI on-set condition
is satisfied in the torus-like flow, it is expected that a steady accretion is established inside a critical radius where v K is the Keplerian speed ( (12) is helpful for analytical investigation, it is uncertain whether the MRI is completely stabilized above the threshold. We consider that the toroidal magnetic pressure is responsible for determination of the scale height of the flow. Begelman et al. (2015) showed that the toroidal magnetic pressure is roughly independent of vertical direction z in the MRI on-set layer.
Thus, we ignore the effect of the vertical structure of the magnetic field and write B φ and v Aφ just as B and v A . It should be noted that there is also a poloidal magnetic field and it would be needed to keep the magnetically dominated flow (Salvesen et al. 2016; Fragile and Sadowski 2017) . In the present paper, we suppose that the poloidal magnetic pressure is always weaker than the toroidal one, and does not affect directly the flow dynamics.
Here, we put the important assumption that the magnetic field lines are transported from the companion. This idea is supported by optical polarization measurement that the magnetic field around the outer rim of the accretion disk of Cyg X-1 reaches about a few hundred Gauss (Karitskaya et al. 2010) . The right-hand side of Eq. (12) scales as c s v K ∝ T 1/2 R −1/2 for ideal fluid, while the left-hand side scales as v 2 A ∝ B 2 /ρ. Thus, we consider that the MRI in the torus-like flow does not operate until the density reaches a critical value. In other words, the MRI on-set condition works like a water gate for the total accreting matter.
Using Eq. (12), the critical density is expressed as
where R c denotes the radial distance of the torus-like flow from the BH at the critical condition. The net accretion rate is written asṀ
where H is the scale height of the torus-like flow at the MRI on-set condition (i.e., the magnetic pressure is dominant) and v in is the radial velocity,
where α is viscous parameter that relates to viscosity as
Moreover, we haveṀ
where ǫ is radiative efficiency. We assume α = 0.15 and ǫ = 0.1 through out the paper.
Here, we introduce a parameter ζ which relates the accretion radius R acc to the critical radius R c so that
where
is sound speed of the adiabatic strong shocked gas, T sh is shock temperature and µ ∼ 0.5 is mean molecular weight. It means that the scale length of the torus-like flow is determined by the sound speed of shocked matter, rather than the wind velocity at the HeII ionization front. We expect that c s,shock does not depend on V wind . This is because the gravity determines the speed of the captured gas near the BH.
We estimate very roughly the fiducial value ζ f . The shock temperature is written by Keplerian speed,
where the factor of two comes from the fact that kinetic energy of the gas is dissipated through head-on collision. In order to determine the shock temperature, a certain criterion of the radius is necessary. Then, we define the effective accretion radius by taking the shock heating into account as
Substituting Eq. (20) 
and then, we obtain a fiducial value of ζ as
Note that the value of ζ can change with the velocity so that ζ f means just a certain criterion. Using the results of calculations, we derived ζ (∝ V 2 wind ) by adjusting the mean of the two values to become ≈ 1/3 for Cyg X-1, while ζ = ζ f for LMC X-1 as in Table 4 . The effect of this assumption is discussed later.
Next, we investigate the temperature T and the magnetic field strength parameter B of the toruslike flow at R c . We expect that the captured gas cools with increasing density, and the temperature deviates from the shock temperature T sh . For simplicity we first adopt T c = 10
6 K, and then we check the ionization parameter and the self-consistency of this assumption. We calculate the net accretion rate from Eq. (14)- (17), and solve it for the critical density to be consistent with X-ray luminosity ( Table 1 ). After that, we have obtained the ionization parameter at R c ,
for all calculations (Table 4 ). In such highly ionized gas, line cooling is inefficient and the characteristic temperature becomes ∼ 10 6 K (Nakayama & Masai 2001) . Because the captured gas has a large vertical scale height, this estimation seems to be consistent with a geometrically-thick flow irradiated by X-rays from the BH. Therefore, in the following, we adopt T c = 10 6 K for all estimations.
Moreover, from Eq. (13) 
The results are listed in Table 4 . The values of B c ≈ 10 2 G are comparable to or higher than the O-type star observations (Bychkov et al. 2009; Karitskaya et al. 2010) . Because the density of the captured wind increases up to the critical value, we expect that the energy density of the magnetic field must also increase. The ratio P mag /P gas at R c is ∼ 3 − 5, and becomes smaller outside R c where P mag and P gas are the gas and magnetic pressures.
In our model, because the companion of LMC X-1 has a higher mass loss rateṀ * than that of Cyg X-1, it is expected that a higher total magnetic field energy is transported from the companion to the torus-like flow in LMC X-1. This is the reason for the difference between LMC X-1 and Cyg X-1. Note that we adopted the fiducial value of ζ = 1/3 for LMC X-1, but even if we purposely take ζ = 0.11 which is the same as Cyg X-1 HS state, the estimations almost do not change; the ionization parameter becomes ∼ 1.2 × 10 3 erg cm s −1 , and the magnetic field strength parameter ∼ 7.3 × 10 2 G.
The luminosity of the torus-like flow is estimated to be less than one percent of the total X-ray luminosity L X . However, narrow recombination continua and iron K-lines, which are emitted in the region of kT ∼ 100 eV around log ξ c ∼ 3 (Nakayama & Masai 2001) , may be detected from the torus-like flow if observations are capable of high-resolution spectroscopy with good statistics. 
Cyg X-1 (HS) 0.57 × 10 8 0.11 1.3 × 10 11 3.0 × 10 −12 2.4 × 10 2 1.1 × 10 3
Cyg X-1 (LH) 1.3 × 10 8 0.56 1.3 × 10 11 0.75 × 10 −12 1.2 × 10 2 1.1 × 10 3 LMC X-1 0.53 × 10 8 0.33 3.2 × 10 11 2.5 × 10 −12 1.6 × 10 2 1.6 × 10 3 a Critical radius where the MRI begins to operate in the torus-like flow.
Note-The ionization parameters of all cases are high enough to be T c ∼ 10 6 K.
Now we examine the accretion process of the torus-like flow. Increasing the density up to the critical value ρ c and having the high ionization parameter log ξ c ∼ 3 suggest that the bremsstrahlung cooling dominates and the line cooling is negligible. We can write a ratio between the cooling rate of bremsstrahlung and the release rate of the gravitational energy as
here, we usedṀ
We assume the cooling-rate vs. gravitational-energy ratio do not change in a spectral state, but can change if a state transition occurs. It means the variation of X-ray luminosity in a state can directly affect the ionization parameter at each radius. For another interpretation, the more cooling becomes effective, the greater amount of gas can accrete. From Eq. (15), (16), (25) and (26), we obtain the scaling relations of the accreting torus-like flow
As mentioned at the beginning of section 2, we consider that the multi-color disk begins to form where τ 1. Using Eq. (27), the optical depth scales as
We calculate radius R d , density ρ d and temperature T d where the optical depth becomes τ = 1.
The results are listed in Table 5 . For Cyg X-1, the radii R d in both states become around an order of magnitude smaller than LMC X-1's which is comparable to a typical disk size of LMXBs. The temperatures T d are relatively higher than that of the multi-color disk. However, when the flow becomes optically thick, the blackbody radiation dominates and immediately cools the gas. We find that these results do not depend so much on the parameter ζ because R d ∝ R It should be noted that the accretion flow well inside R d is thought not to differ from that in
LMXBs. Therefore, we expect that the magnetic field from the companion could act to stabilize thermal instability of the standard thin disk (Begelman & Pringle 2007; Sadowski 2016 ). T c = 10 6 K is assumed.
Source name
Cyg X-1 (HS) 0.10 8.4 × 10 9 7.4 × 10 −10 2.5 × 10 6
Cyg X-1 (LH) 0.025 1.6 × 10 9 5.2 × 10 −9 4.3 × 10 6 LMC X-1 0.28 6.8 × 10 10 5.3 × 10 −11 1.7 × 10 6 a Critical optical depth where the torus-like flow begins to accrete via MRI.
b Radius where the optical depth becomes unity.
DISCUSSION
Here, we discuss the state transition mechanism using the results of our calculations and the idea of MRI determining the net accretion rate. We focus on the questions about the transitions; why Cyg X-1 has two relatively stable states and undergoes transitions, while a transition has not been observed in LMC X-1. A remarkable feature between the two objects is the huge difference in luminosity though they show similar time variability. The luminosity of Cyg X-1 is typically about ∼ 10 37 erg s −1 (Gierliński et al. 1999; Zdziarski et al. 2002) , while that of LMC X-1 is ∼ 10 38 erg s −1 (Long, Helfand & Grabelsky 1981; Gou et al. 2009 ). If LMC X-1 transits to the LH state at the same luminosity as Cyg X-1, its luminosity needs to decrease by a factor of ∼ 10; i.e., ∆L X /L X ∼ 10 is necessary to cause the state transition. It is larger than the observed variability ∆L X /L X < 4 (Ruhlen et al. 2011) . We infer that this is the reason why LMC X-1 has not shown a transition.
Thus, we will try to present a mechanism for the variability of the mass accretion rate, which would directly/indirectly relate with the state transition. In addition, we discuss why the stable states are kept maintained for a long time.
3.1. trigger of state transitions Because Cyg X-1 and LMC X-1 show a similar level of ∆L X , we infer that the variability is caused by the same mechanism in the two. From Eq. (13)-Eq. (18), the X-ray luminosity scales as
Since the dependence on the temperature is weak, it cannot be crucial. Thus, we consider the fluctuation of the critical magnetic field strength δB c ( B c ) as a main cause of the variability. The fluctuation δB c ( B c ) can make the changes in the net accretion rate and the X-ray luminosity by
The factor of four is based on the observations (Nowak et al. 2012; Zdziarski et al. 2002; Wilms et al. 2001; Ruhlen et al. 2011) . Moreover, this mechanism can also explain the fact that LMC X-1 in LH state has never been observed. δB c cannot be larger than B c unless the magnetic field structure changes drastically. Therefore, LMC X-1 does not switch state.
Note that the fluctuation δB c introduced here is different from the field amplified with decreasing radius due to the MRI. Instead it represents the fluctuation of initial field strength at R c where the MRI sets in.
In Section 2.1, we mentioned that the radius of the HeII ionization front determines the terminal wind velocity, and is changed by variations of the X-ray luminosity and the spectrum as Eq. (9) and Eq. (10). From this point of view, the wind velocity does not become a trigger for state transitions, but makes a difference in the features of the two states as the result of transition. In order to take into account that the change in wind velocity affects the wind density and the energy density of magnetic field, we suppose that the magnetic field strength is related as
where r wind is the distance from the OB-type star to the HeII ionization front with ϕ = 0, ρ wind is wind density at r wind and p is a geometrical parameter (p = 1 means cylindrical wind). We expect that p is independent of the spectral states. By equating p in the two states, we obtain p = log r wind,LH /r wind,HS ρ wind,HS V wind,HS ρ wind,LH V wind,LH ∼ 0.79,
where the subscripts refer to the two spectral states. Combining Eq. (29) and Eq. (30), we obtain
A relatively large fluctuation δB c ( B c ) could change the X-ray spectrum as well as the X-ray luminosity. The significant change in the X-ray spectrum leads to variations of both V wind and the radius of the HeII ionization front (i.e. r wind ). The variations can make the change in B c by a factor of two (Table 3 and Table 4 ).
Even if the magnetic field strength has a very small fluctuation, the luminosity and the wind velocity could be varied. However, using Eq. (9) and Eq. (10), we obtain
wind r p/3
wind r p/5
These relations show negative feedback of B c to the HeII ionization front and the initial small change in B c does not affect the radius of the front unless the X-ray spectrum changes sufficiently. Therefore, our model can naturally explain why Cyg X-1 stays in a state for a relatively long time (∼ 10 − 1000 days) without any periodic features (Wen et al. 2001; Grinberg et al. 2013; Grinberg et al. 2014; Sugimoto et al. 2016) . Moreover, from the aspect of stability, we conclude that because the HeII ionization front does not move drastically, LMC X-1 does not show state transitions. We note that this stability is due to the assumption of Eq. (18). Instead, if R c is determined by the accretion
wind , Eq. (29) is replaced by
This is unstable for luminosity variations due to fluctuations of the magnetic field strength.
In the HD calculations of Cyg X-1, we performed iterative computations to determine the parameteṙ 
The simulation results of Cyg X-1 presented in this paper were derived by computing iteratively until this ratio becomes a factor of ∼ 4 (The factor of ∼ 4 is a observational fact shown in Table 1 ).
Therefore, we succeeded in obtaining a consistent solution in that the simulation results are what we expect from our arguments based on Eq. (29) -Eq. (36).
accretion rate in MRI onset layers
In our model, we assume that the state transition could occur in Cyg X-1 with only a factor of 4 increase (decrease) of the net accretion rate, though it needs to be verified. We thus introduce the idea of two MRI on-set layers in order to discuss the state transitions in more detail. Begelman et al. (2015) considered that the MRI on-set condition can also be established in hot coronal layer across the MRI dead zone. In the dead zone, the gas is heated by the toroidal magnetic flux rising from below and the density decreases drastically. The low density makes the cooling inefficient and electrons and protons are thermally decoupled. Then, the temperature increases very rapidly and the right hand side of Eq. (12) overcomes the left-hand side and the MRI can operate again.
The ratio of accretion rates between upper and lower layers is written aṡ (Begelman et al. 2015) where the subscript character 1 and 2 denote the physical quantities of lower and upper layers. y is the Compton y-parameter andṁ =Ṁ /Ṁ Edd is the dimensionless accretion (Done et al. 2007; Nowak et al. 2012; Ruhlen et al. 2011) . Cyg X-1 shows the LH-HS (HS-LH) transition with changing hardness and intensity at the same time, and does not show any hysteresis phenomenon. Thus, we roughly treat the ratio as an indicator so thaṫ (Begelman et al. 2015) . If we assume α = 0.15,ṁ 1 +ṁ 2 = constant and the Compton y parameter, we can obtain the accretion rates of each layer.
For Cyg X-1 in the HS state, the accretion rates areṀ 1 ∼ 3 × 10 17 g s −1 andṀ 2 ∼ 1 × 10 17 g s −1 in order to be consistent with the expected mass accretion rate of the HD calculation, i.e.
M expected =Ṁ 1 +Ṁ 2 = 4 × 10 17 g s −1 (Table 1) . Cyg X-1 does not exhibit a purely disk-dominated spectrum without a hard tail. Although the origin is unknown, the relatively high accretion rate of the coronal flowṀ 2 seems to be consistent with the observation. In the LH state, we obtaiṅ the boundary of two states and the reversal could drastically change the X-ray spectrum.
For LMC X-1, we find thatṀ 2 is much lower thanṀ 1 because of the high luminosity L X ∼ 10 38 erg s −1 . We find again that the net accretion rate must drop by more than an order of magnitude to cause the state transition if parameter α = 0.15 is assumed. Thus, it is inferred that Cyg X-1 can undergo a state transition, while it is difficult to trigger the transition in LMC X-1.
CONCLUSION
We summarize the results of the present work:
• Because the BH captures the line-driven wind, it is not clear that the accretion flow physics for disk-fed objects can apply to wind-fed objects in the same way. We investigated wind-fed and viscous processes semi-analytically. The captured mass rate becomes higher than the accretion rate expected by the observed luminosity.
• Since the density of captured wind ρ ∼ 10 −13 − 10 −14 g cm −3 is not high enough to be optically thick, the radiation does not become a blackbody. Therefore, the wind gas does not directly connect with the multi-color disk. The radius of the disk in Cyg X-1 is around an order of magnitude smaller than LMC X-1's which is comparable to LMXBs.
• We suggest that the net accretion rate is determined by the MRI on-set condition. Moreover, the critical radius is independent of the wind velocity. Instead the velocity makes the difference of features between the two states as the result of the transition. From these ideas, we conclude that the state transitions are mainly caused by the fluctuation of the critical magnetic field strength δB c B c . Our state transition model can naturally explain the stable feature of BH HMXBs because of the relatively weak dependence of the luminosity on the wind velocity.
• Furthermore, our model can also explain the different features between Cyg X-1 and LMC X-1.
The former undergoes transitions because the radius of the HeII ionization front can change drastically and it has a relatively low luminosity. The latter does not show transitions because it has an unchanged HeII ionization front and a high luminosity. We argue that the physical processes in the outer region of the accretion flow, or the black-hole binary torus, plays an important role in BH HMXBs.
